There are several expressions for calculating thermal relaxation time in tissues subjected to laser irradiation. Physically this time constant represents the time required for the temperature rise in a heated region of tissue to drop to a factor of e -1 . In this study, we conduct combined radiation and heat conduction simulations to obtain this time constant for several different tissues, and compare the results with other mathematical expressions used for determining the thermal relaxation time. The scattering effect and surface convection are considered. A new thermal relaxation time expression is introduced in which its value is two times of the thermal relaxation time used in the literature. It is found that the results predicted by this new expression match better with the predictions based on the peak temperature decaying. 
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The degree and extent of tissue thermal damage depends on many factors. These factors include the maximum temperature reached and the exposure time as well as the mechanical stress applied on the tissue during heating. The amount and rate of heat deposition, coupled with the properties of the tissue and the surrounding medium govern the thermal response at both the microscopic and macroscopic scales. The response is typically modeled by the bio-heat equation. 5 For irradiation times less than about 5 sec, the influence of blood perfusion plays a minor role. 6 When blood perfusion is neglected, the governing equation is merely a heat conduction equation, in which the rate of thermal energy storage within a volume must equal the local volumetric absorbed laser energy rate minus the local volumetric losses of heat flux by diffusion. A combined heat radiation and conduction modeling can predict the temperature field and time history, and the data can be used for evaluating the laser parameters. In reality, nevertheless, simpler models are always preferred for guiding the selection of laser input parameters.
The classic theory of selective photothermolysis proposed by Anderson and Parrish 1 is generally adopted to determine the appropriate laser pulse width. A common practice is that the irradiation duration is less than the thermal relaxation time of the target tissue to minimize thermal damage. 6, 7 Time constants in heat conduction problems have been intensively studied. 
where δ is a characteristic length and α is the thermal diffusivity. δ is either the optical penetration depth of the incident radiation (for axial conduction) or the Gaussian beam radius at (for radial conduction). van Gemert and Welch 
According to Eq. (2), the overall time constant is smaller than the smallest individual time constant τ z orτ r . It is worth mentioning that τ z andτ r derived by van Gemert and Welch 6 are virtually identical to Eq. (1) although the numerical factors are slightly different.
The optical penetration depth (OPD) is defined as the depth where the fluence rate drops to of its original radiance. . Nowadays, great progress has been made in the numerical solution of radiation heat transfer participating media and the importance of accurate radiation analysis is being well recognized. The authors considered the modeling of transient laser radiation transfer in tissues using the discrete ordinates method. [9] [10] [11] [12] The OPD can then be accurately predicted by the numerical method and used to estimate time constants.
On the other hand, the thermal relaxation time can be physically interpreted as the time required for the temperature rise ( ) in a heated region of tissue to decrease to e base T T − -1 of its peak value ( 13 has become more and more popular in a laser surgery procedure to minimize thermal damage.
The purpose of this study is twofold: (1) to investigate the influence of radiation scattering on the prediction of OPD and thermal relaxation time; and (2) to compare time constants predicted by different models under various conditions.
II. Mathematical Formulation
Consider a collimated laser pulse incidence upon a two-dimensional (2-D) biological tissue shown in Fig. 1 . The local temperature response of the tissue within a short time period is formulated as
where
is the divergence of radiation heat flux due to laser radiation absorption and can be calculated by
where is the black body emissive intensity of the tissue which is negligible because the tissue can be treated as a cold medium as compared to the large flux of laser beam. The incident radiation, G, is a direction-integrated radiation intensity and can be obtained by the summation of angle-discretized radiation intensity. σ is the extinction coefficient that is the sum of the absorption and scattering coefficients, and is the radiative source term from the laser radiation that can be expressed as
Here, the scattering albedo is 
where the unit vector of ) , ( c c η ξ represents the collimated laser incident direction. The incident laser sheet with a Gaussian profile can be expressed by
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In which is the amplitude of the laser radiation intensity and can be adjusted to let the tissue reach a preassumed maximum temperature at the laser spot center. can be expressed by
where is the initial tissue base temperature, and is the number of total incident laser pulses.
i T N The temperature is then nondimensionalized as
In the present study, we consider pulsed laser irradiation in a short time period, say 1 ms. Within this time period, there are many short pulses. After that, the laser is turned off and the medium experiences merely heat diffusion from the irradiation region to the surrounding region without external heat generation. This process is governed by the heat conduction equation as follows:
where k is the thermal conductivity. For the calculation of heat conduction, the non-dimensional temperature is initially zero except in the path of the collimated laser incidence. Equation (1), coupled with the radiation heat transfer modeling is employed for finding the initial temperature distribution along the laser path. The boundary conductions are specified below.
For the analysis of radiation heat transfer, reflection and refraction governed by Snell's law and Fresnel equation, respectively, are considered at the tissue-air interface. At the rest boundaries, diffuse reflection is considered. For details, please refer to our recent publications. [9] [10] [11] The following lists several assumptions we adopted when we set up the present model: (1) Thermal radiation emission from the tissue is neglected inside the tissue and on tissue surface. 
The second one is the time required for the peak temperature rise θ peak (=1) at the laser spot center to decrease to e -1 . We denote this thermal relaxation time as τ 2 and evaluate τ 2 from time-dependent simulation of American Institute of Aeronautics and Astronautics combined laser radiation and heat conduction. τ 2 has a better physical interpretation than τ 1 . Further, 2 τ is influenced by the convective boundary condition at tissue-air interface.
To solve the time-dependent equation of the radiation transfer, the transient discrete ordinates method 9 (TDOM) based on scheme is employed. The tissue geometry is divided by a uniform grid system of . The solid angle is divided by a quadrature set of discrete ordinates. Details of the numerical schemes have been intensively described and evaluated in our recent publications; The fully explicit scheme is adopted to solve the heat conduction equation. The grid size is chosen the same as the radiation transfer problem and the time step is selected as 0.001 sec. The calculation was stable. The simulation was examined by analytical heat conduction solutions and the results were satisfactory. 
III. Results and Discussion
For simplicity, we consider a square tissue with L = W = 13.416 mm. The optical properties of the considered tissues are listed in Table 1 . The thermal properties are assumed as the tissue is composed with 70% water . It is seen that the fluence drops faster with increasing scattering coefficient. Since OPD is the length for a fluence drop to a factor of e , the OPD can be measured from Fig. 2 .
With the presence of scattering, OPD decreases. In particular, the scattering effect is substantial for small absorption tissue. For example, the OPD is 10 mm for the case of when only absorption is considered; while it is less than 2 mm when the scattering effect is added. Thus, both absorption and scattering effects must be incorporated in the calculation of OPD. 
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The optical penetration depth for absorbing and scattering tissue may be approximated as
In Fig. 3 , the OPDs estimated from this approximation are compared with the measurements through complete numerical modeling. It is seen that Eq. (15) is a very good approximation when the scattering coefficient is weaker than the absorption coefficient. On the other side, when the absorption coefficient is small and the absorption is much weaker than the scattering, Eq. (15) should not be adopted.
In Fig. 4 , the actual fluence variation in the y-axis on the tissue-air interface is investigated. We compare the original incident beam variance with those at 1 ms with different scattering coefficients. The absorption coefficient is fixed at . At 1 ms, radiation equilibrium has been achieved. It is seen that the scattering influences the fluence profile in the y-axis as well. It slows down the fluence variation in the y-direction and results in an increase in the fluence width. However, this influence is not as strong as that in the OPD. Thus, one may still use the original beam radius to represent the characteristic length in the radial direction. τ . Figure 5 shows the thermal relaxation times under various optical properties. Clearly x 1 τ is influenced by the radiation heat transfer, while effect of radiation transfer on is only obvious for very small absorption with strong scattering. With increasing absorption,
With large absorption coefficient, the variation of thermal relaxation time against the scattering is small. Figure 6 shows the temporal temperature profiles at several locations for a human dermis tissue. The corresponding optical properties 15 are and . It is seen that the temperature drops rapidly at the center of laser spot (x = 0, y = 0.5W). The dropping speed decreases with increasing distance. The solid black marks represent where the temperature in a heated location of the tissue decreases to of its peak value. The times in the marks are then the thermal relaxation times at the selected locations based on the physical interpretation. It is seen that thermal relaxation time at the laser spot center is the smallest one; and this time is selected as 
As afore-mentioned, the convective heat transfer condition at the tissue-air interface will affect the value of 2 τ . To investigate this effect, several values of h are selected and the temporal temperature profiles at the laser spot center are compared in Fig. 7 . Two types of tissue are chosen: dermis tissue and heart tissue (endocardium). We assumed same thermal properties for the both tissues. Obviously, the thermal relaxation time with higher h shows smaller value because part of the heat is released by the convection. Larger convective heat transfer rate provides more rapid cooling performance. The effect of surface convection on the heart tissue is more pronounced than on the dermis tissue. The radiation coefficients of the dermis tissue are larger than those of the heart tissue; thus, radiation effect predominates in the dermis tissue.
The thermal relaxation times in a brain tissue (gray matter) with varying beam width are compared in Fig. 8 . It is observed that with increasing beam width the thermal relaxation time increases quickly, but the change in will be large. The use of 0 τ as the thermal relaxation time as previous researchers 7 suggested is then not supported by the results of 2 τ . Table 2 lists the predicted thermal relaxation times based on the four definitions for several biological tissues.
IV. Conclusion
The transient temperature response upon short-pulsed laser irradiation is numerically investigated. The emphasis was placed on the comparisons of thermal relaxation times based on different definitions. The scattering effect should not be overlooked in the determination of the optical penetration depth based on the simulation evaluations. A new expression of 1 τ is introduced and found to closely match with the prediction of 2 τ which is based on the peak temperature decaying with moderate heat convection conditions. Thus, 1 τ is recommended for use as the thermal relaxation time to be determined by the optical and thermal properties of tissue, coupled with the laser input parameters. 2 τ has better physical meaning in representing the thermal relaxation time and can incorporate the realistic surface cooling condition. However, the determination of 2 τ requires for a complete modeling or experimental measurement. 
